Abstract-Design guidelines for electrically small and robust UHF radio frequency identification (RFID) antennas are derived for operation in complex environments, such as perishable goods (e.g., meat and milk) or human bodies. A prototype UHF RFID antenna tag with an embedded integrated circuit (IC) is developed and tested in an RFID system. Water and meat tissue are used as environments. The obtained range of operation appears to be very robust. Measurements show a range of 3 m for the meat case and 2.5 m for a water environment at 868 MHz.
I. INTRODUCTION

R
ADIO frequency identification (RFID) is one of the most widespread radio applications that increases productivity and efficiency and can speed up the handling of goods in logistic chains. A particular application of interest is the tracking and monitoring of the logistic chain of perishable goods, such as meat and milk [1] . The RFID tag, consisting of an antenna and an integrated circuit (IC), should be compact, low-cost, and able to operate in complex environmental conditions, such as meat and muscle tissue or materials with high water content. This is quite similar to the situation of RFID tags on human bodies. All these materials have a strong effect on the efficiency and matching conditions of the RFID antenna [2] . Water and metals are the most unfriendly environments for RFID tags since they have a strong effect on the matching and radiation properties of the antenna [3] - [5] . Existing commercially used RFID tags show a poor performance under these conditions, resulting in a very limited range of operation, often less than 1 m [5] . In this letter, we will investigate the basic design principles for realizing a robust and compact RFID antenna with embedded IC, operating in the 868-MHz frequency band (UHF) for logistic applications such as the tracking of perishable goods. Novel aspects presented in this letter are the small-footprint slot antenna with embedded RFID IC, optimized for complex environments, and the theoretical and experimental verification of its performance in a system-level context. [8] , [9] . 
II. ROBUST RFID ANTENNA DESIGN
A. Initial Design Limitations
Antenna dimensions are strongly related to the frequency of operation and the required bandwidth. For electrically small antennas, the ratio between the maximum achievable frequency bandwidth and the antenna dimension is defined by the wellknown Chu-Harrington limit [7] - [9] , which sets a lower limit on the quality factor and related bandwidth. A graphical representation of the Chu-Harrington limit is presented in Fig. 1 . According to Fig. 1 , it is possible to define a minimum antenna size, which theoretically could provide the required frequency bandwidth. For example, to achieve a 2% bandwidth, the size of the antenna should be at least about 3.5 cm at 868 MHz. Acceptable dimensions from a user perspective are a size smaller than 12 3 cm and thickness smaller than 1.5 mm. Fig. 2 shows the size limitations of our RFID antenna placed on a complex environment. It is clear that our size limitations force us to work near the theoretical Chu-Harrington limit.
An RFID system generally consists of two devices, an active reader and a passive tag. The RFID tag can operate in two different modes [10] - [12] . The first mode of operation is to perform power transfer from the RFID reader to the RFID tag. In this case, the tag antenna should be conjugate-matched to 1536-1225 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the IC input impedance in order to get the maximum possible power on the tag. In our case, the input impedance of the IC for optimal power matching is [10] . In the power-transfer mode, the tag can also receive information from a modulated RF signal from the reader. The second mode of operation is the modulated scattering mode in which information is transferred from the passive tag to the reader. In this case, the reader transmits an unmodulated RF carrier to the tag. The tag backscatters a modulated replica of this signal by switching the reflection coefficient of the tag antenna between a matched and short-circuit state [10] - [12] . In this way, both the amplitude and phase of the reflected signal are modulated. This mode requires a maximum ratio of the radar cross section (RCS) or absorption cross section (ACS) of the RFID tag for the two states of operation.
B. Robust Antenna Design Guidelines
A key issue when placing an RFID tag on a complex environment is the high electromagnetic losses in the surrounding material. This results in a limited range due to the low antenna efficiency and poor RCS ratio between the ON/OFF state during modulation. Several papers have already addressed this issue, for example, an RFID antenna for on-body applications [4] , implantable antennas [13] , and RFID tags on bottles of water [14] , [15] . Based on this and on results from our research, it is possible to define some common design guidelines for efficiency improvement of robust RFID antennas in case of complex environments.
1) It is necessary to include a detailed model of the surrounding environment during the design and optimization of the antenna. 2) It is beneficial to use a ground plane for isolating the radiating structure from the lossy environment. This is essential for RFID tags that are placed on materials with high water content, like perishable goods and human bodies. 3) We need to create a gap between the printed radiating RFID antenna structure and the environment, as illustrated in Fig. 3 . Size of the gap in our case should be at least several millimeters. Consequently, we should look for an optimal ratio between the size of the antenna structure and the ground plane in order to maximize the antenna efficiency and related RCS ratio in the modulated scattering mode. 4) The induced electric surface current on the ground plane should be minimized. This can be achieved by avoiding conductive connections (e.g., vias) between the radiating strip and the ground plane and by using a balanced feedline between the RFID IC and the antenna, as illustrated in Fig. 4 . 
C. System-Level Antenna Design and Modeling in a Complex Environment
As one of the most promising antenna concepts to meet the design guidelines of Section II-B, a balanced slot-antenna concept was chosen, based on our initial study in [6] . The slot is printed on a grounded FR-4 substrate with . The slot shape was optimized for maximum efficiency and for conjugate power matching to the chip impedance . The final optimal slot shape and chip interconnection are shown in Fig. 5 . The chip has been mounted at the center of the tag and is connected to the balanced antenna with two microstrip lines. To optimize the performance of the antenna on a complex environment, additional layers of pure water, blood, heart, or muscle tissue were added to the simulation model. The electromagnetic characteristics of the investigated environmental materials are presented in Table I [16] . For all our simulations, we have used the finite integration technique [17] . It turned out that the optimization of the power-loss density distribution on the antenna surface helped to significantly increase the efficiency of the RFID antenna in case of complex environments. In this way, some kind of isolating gap can be obtained between the lossy environment and the radiating structure [6] , [13] . The resulting simulated matching at the input of the IC is shown in Fig. 6 for various environments. For "meat," we have used average material properties between blood, heart, and muscle tissue with a conductivity of S/m and relative permittivity . In the meat case, the total antenna efficiency is 37%. The predicted antenna efficiency is 84.4% in the case of water, and 47.4% in the case of air, respectively. Even in the case of meat, the tag antenna shows an excellent RCS amplitude ratio of 0.6 when the input of the IC is switched between a matched and short-circuit state. These results show that the antenna is quite robust and does not exhibit significant detuning. Since we have optimized our antenna for complex environments, the performance in air in terms of efficiency and matching is less as compared to the case of water or meat.
It is not possible to compare the predicted antenna efficiency and input matching directly with experimental results. This is due to the fact that our prototype tag (see Section III) includes an embedded IC. Therefore, the prototype will be tested in a real RFID system for passive tags. In this case, the antenna receives a signal from the RFID reader that is processed by the IC on the tag. The IC transfers data back to the reader by modulating the tag antenna load impedance, such that the resulting difference in scattering can be detected by the reader. In order to verify our antenna simulations within an RFID system context, we have extended our electromagnetic model of the antenna to include the overall RFID system. This is achieved by exciting the antenna with an incident plane wave from an external source. The IC is modeled by means of an equivalent lumped element circuit. The distance between the excitation port (that generates the plane wave) and the RFID antenna varies during the simulation. In this way, the overall range of the RFID tag can be estimated. Simulations have been done for the case of air, an additional layer of water, and with meat. The sensitivity of the RFID chip is 15 dBm [10] , and the effective isotropic radiated power (EIRP) from the reader is 36 dBm [18] . Based on these values, the maximum range of operation was determined with our electromagnetic model. Results are presented in Fig. 7 . The tag appears to be quite robust for various environments, with a predicted range between 3.5 and 3.7 m. 
III. SYSTEM-LEVEL EXPERIMENTAL VERIFICATION OF THE PROTOTYPE
In order to check the operational robustness of our concept, a prototype RFID tag was manufactured that includes the antenna and IC [11] . The prototype is shown in Fig. 8 . Measurements for various use cases were done in an anechoic measurement facility. The measurement configuration is shown in Fig. 9 . The prototype is placed on various materials that represent realistic use cases: air, package of meat, and a water container (Fig. 10) . A ThingMagic Mercury6e reader with an EIRP of 36 dBm at 868 MHz was used to perform the range measurements [18] . During each experiment, we have determined the maximum range for which communication between reader and tag is still feasible. Measurements and simulation results are [5] , [14] , [15] . ALL SYSTEMS OPERATE IN THE UHF BAND presented in Fig. 11 . The reproducibility error between various measurements was below 0.1 m. The measurements show that the prototype antenna exhibits a maximum range of 2.5 m with water and 3 m in the meat environment. The best result is still obtained in air, but the difference with the other use cases is relatively small. It proves the robustness of our concept for various environments. The differences between simulation and experiment are most likely caused by the limited accuracy of the model parameters of the environmental materials. Next to this, the size difference between the phantom in our simulations and the actual lossy environment during experiments will also contribute to the differences. Table II compares the overall performance of our prototype to previously reported results from literature. Our concept provides a small footprint and an excellent performance on meat and water.
Further improvements could be made by extending the bandwidth of the prototype tag by using an adaptive tuning technique as proposed in [19] . The nonlinear tuning circuit can be integrated within the IC, ensuring a cost-effective solution. Other improvements could be made on the mechanical structure, which can be further optimized in terms of size, material, and shape for various applications.
IV. CONCLUSION
This letter describes the design and realization of a robust UHF RFID antenna with integrated IC for use on top of a complex environment, such as perishable goods and human bodies. The presented prototype fits in a small size of 12 3 cm . The system-level measurements are in close agreement with the predictions from our simulation model. The measured range of operation is 3.25 m in air, 3 m for the meat case, and 2.5 m for a water environment. These values are significantly better than previously reported results. It is believed that our design can help to enable new RFID tag applications that require small size, low cost, and high robustness in complex environments.
